ABSTRACT. The relationship between deoxyribonucleic acid (DNA) damage and the cell death induced by γ-irradiation was examined in three kinds of cells, Chinese hamster ovary fibroblast CHO-K1, human melanoma HMV-II and mouse leukemia L5178Y. Cell survival was determined by a clonogenic assay. The induction and rejoining of DNA strand breaks induced by radiation were measured by the alkaline and neutral comet assays. L5178Y cells were the most radiosensitive, while CHO-K1 cells and HMV-II cells were radioresistant. There was an inverse relationship between the survival fraction at 2 Gy (SF2) and the yield of initial DNA strand breaks per unit dose under the alkaline condition for the comet assay, and also a relationship between SF2 and the residual DNA strand breaks (for 4 hr after irradiation) under the neutral condition for the comet assay, the latter being generally considered to be relative to cellular radiosensitivity. In the present analysis, it was considered that the alkaline condition for the comet assay was optimal for evaluating the initial DNA strand breaks, while the neutral condition was optimal for evaluating the residual DNA strand breaks. Since the comet assay is simpler and more rapid than other methods for detecting radiation-induced DNA damage, this assay appears to be a useful predictive assay for evaluating cellular clonogenic radiosensitivity of tumor cells. KEY WORDS: comet assay, DNA strand break, γ-irradiation, predictive assay, radiosensitivity.
Different types of cell lines show different radiosensitivities. In addition, even a tumor of the same origin and pathology, can show radiosensitivity over quite a wide range [4] , and therefore, understanding the radiosensitivity of an individual tumor is of great importance in the clinical situation. Knowledge of the intrinsic radiosensitivities of cells from a tumor biopsy can help produce an optimized radiotherapy protocol for individual patients.
Reproductive death measured by a clonogenic assay is an important index for the cell death induced by radiation, and the cellular radiosensitivities of fibroblasts and tumor cells have been evaluated by a clonogenic assay [13, 17] . A good correlation was found between the reproductive death of fibroblasts measured by the clonogenic assay and the severity of late normal tissue effects, such as fibrosis and erythema, after radiotherapy [7, 14] . However, this clonogenic assay consumes a lot of time, and the cells must be proliferated in vitro [4, 14] . Hence this assay is not optimal for routine clinical use, and thus there is now much interest in exploiting a more rapid and simple assay to evaluate cellular radiosensitivity [8, 25] .
It is said that the cell death caused by radiation is due to deoxyribonucleic acid (DNA) damage [29] . DNA double strand breaks (dsbs) are considered to be closely related to cell death because it is suggested that they can lead directly to chromosome aberration and the loss of genetic material [22] . To date, the correlation between radiosensitivity and DNA damage in many tumor cell lines has been studied [25, [27] [28] [29] [30] [31] 36] . The various experimental approaches used for the detection of DNA strand breaks are filter elution, constant field gel electrophoresis, pulsed-field gel electrophoresis (PFGE) and the comet assay [25] . There are a number of parameters for evaluation of the DNA damage induced by radiation with these assays. The parameters most frequently analyzed are the initial DNA damage, the residual DNA damage remaining after a period of repair, and the repair rate [11] . However, clear conclusions for the best method for the prediction of radiosensitivity and the best parameter have not been obtained.
The comet assay has been utilized as a sensitive, rapid, and simple technique for the evaluation of DNA damage and repair [35] . In this assay, a small number of cells are required to evaluate the DNA damage and it is possible to measure the DNA damage in individual cells within the cell population. Therefore, the comet assay seems to be a valuable tool for the detection of radiation-induced DNA damage and the DNA repair capability of cells [34] . In addition, due to the many advantages of this assay, it is expected that the comet assay can be applied as a method for the evaluation of cellular radiosensitivity in the clinical setting.
In this study, the initial DNA damage and residual DNA damage of three kinds of cell lines were measured using the comet assay under the alkaline condition and the neutral condition. To evaluate the potential of the comet assay as a predictor of cellular radiosensitivity, the relationships between radiation-induced the initial DNA damage, the residual DNA damage, and the cellular clonogenic radiosensitivity were studied.
MATERIALS AND METHODS
Cell culture: CHO-K1, HMV-II (RIKEN GENE BANK, Ibaraki, Japan) established by T. Kasuga, and L5178Y cells (RIKEN GENE BANK) were derived from a Chinese hamster ovary, a human malignant melanoma, and a mouse leukemia, respectively. The CHO-K1 and HMV-II cell lines were grown in Ham's F12 medium (Sigma, St. Louis, U.S.A.) supplemented with 10% fetal bovine serum (FBS) (Nichirei, Tokyo, Japan), and 0.1 mg/ml kanamycin in 10 cm diameter culture dishes. L5178Y cells were grown in RPMI medium (Sigma) supplemented with 10% FBS and 0.1 mg/ml kanamycin in 10 cm diameter culture dishes. All cells were incubated at 37°C in a humidified atmosphere of 5% CO 2 and 95% air.
Irradiation: Cells were irradiated using a 60
Co source at a dose rate of 2.0 Gy/min. Dose was measured using thermoluminescent dosimeter. The cells were removed from the culture dishes using 0.05% trypsin, and suspended at a density of 1 × 10 5 cells/ml in medium in a tube. For the cell survival and measurement of the initial DNA damage, cells suspended in medium were irradiated on ice. For the DNA repair studies, cells were irradiated on ice and re-incubated at 37°C immediately after irradiation.
Survival: After irradiation, cells were plated at a density of about 100 surviving cells per 6 cm culture dish. Approximately 10 days later, cells were fixed and stained with 0.5% crystal violet. Colonies of more than 50 cells were counted as survivors. The Survival data were fitted to the linear-quadratic model. lnS = -αD -βD 2 where S is the survival fraction and D is the radiation dose.
Comet assay: The comet assay used in this study was applied as previously described by Sasaki et al. [33] . Irradiated cells were re-suspended in phosphate-buffered saline (PBS, pH 7.4,). Seventy five µl of 1% agarose GP-42 (Nacalai Tesque, Kyoto, Japan) was quickly layered on glass slides and covered with another slide. The sandwiched glass slides were placed on ice to allow the agarose to gel. The cell suspension was mixed 1:1 (volume/volume) with 2% agarose-LGT GP-42 (Nacalai Tesque), and 75 µl of the cell mixture was quickly layered in the same manner after the removal of the covering glass slides. Finally, 75 µl of agarose GP-42 was again quickly layered on top. The glass slides were placed immediately in a chilled nucleus lysing solution of 2.5 M NaCl, 100 mM ethylenediamine tetraacetic acid tetrasodium salt, 1% sarkosyl, 10% dimethyl sulfocide, and 1% Triton X-100 and kept at 4°C in the dark for 60 min.
Under the alkaline condition for the comet assay, the glass slides were placed on a horizontal gel electrophoresis platform and covered with a chilled alkaline solution (pH 13) consisting of 300 mM NaOH and 1 mM ethylenediamine tetraacetic acid disodium salt (Na 2 EDTA). The glass slides were left in the solution for 10 min in the dark at 4°C to allow DNA unwinding and expression of alkali-labile sites. Electrophoresis was conducted at 4°C in the dark for 15 min at 25 V (0.89 V/cm) and approximately 250 mA. After electrophoresis, the glass slides were rinsed gently with 400 mM Tris-HCl (pH 7.5) to neutralize the excess alkali.
Under the neutral condition for the comet assay, the glass slides were placed on a horizontal gel electrophoresis platform and covered with a chilled neutral solution (pH 8) consisting of 90 mM Tris, 2 mM Na 2 EDTA and 90 mM boric acid for 1 hr. Electrophoresis was conducted at 4°C in the dark for 30 min at 25 V (0.89 V/cm). The glass slides were washed with 300 mM NaOH and 1 mM Na 2 EDTA and then rinsed gently with 400 mM Tris-HCl (pH 7.5) to neutralize the excess alkali.
Each dried gel sample was stained with 20 µg/ml ethidium bromide and covered with a coverslip. Using a fluorescence microscope equipped with a green filter (Olympus, Tokyo), we examined about 50 cells per slide at 200 × magnification. Comets were analyzed using the Komet software (Komet 4.0, Kinetic Imaging, Ltd., UK). The parameter used as an index of DNA damage was the tail moment, which combined a measure of the length of the comet tail, and the proportion of DNA to migrate into the tail. The mean tail moment value was calculated for about 50 comets at each dose point per individual experiment with the imaging software.
Data evaluation: The mean tail moment values for the three separate experiments were obtained. These mean values and the standard error of the means were plotted and fitted by linear regression, and the slopes of the dose-response curves were calculated. Differences in the slopes of the initial DNA breaks and the residual DNA breaks between the cell lines were tested for statistical significance by comparison of two regression parameters. Differences in survival fractions at 2 Gy (SF2) between cell lines were tested for statistical significance using a one-way analysis of variance test.
RESULTS
Cell survival: The clonogenic survival curves in the three kinds of cell lines after γ-irradiation are shown in Fig. 1 in order to evaluate the cellular radiosensitivity. The parameters from the linear quadratic model and SF2 are shown in Table 1 . The α value of L5178Y was higher than those of CHO-K1 and HMV-II. The survival curve of L5178Y was linear and those of CHO-K1 and HMV-II were linear-quadratic. SF2 of CHO-K1, HMV-II and L5178Y were 0.58, 0.53 and 0.04, respectively. L5178Y was the most radiosensitive to γ rays, and CHO-K1 and HMV-II had almost the same radiosensitivity.
DNA damage: Figure 2 shows the dose-response curves of the three cell lines under the alkaline and neutral conditions of the comet assay immediately after irradiation. The initial yield of the tail moment of all three cell lines increased with radiation dose under both electrophoresis conditions. The dose-response curves under the alkaline condition were fitted by linear regression. Under the neutral condition, the tail moment of the three cell lines increased steeply between 0 and 8 Gy and then gently between 8 and 32 Gy. These dose-response curves therefore appeared to be biphasic. When the slopes of the dose-response curves fitted by linear regression under the alkaline condition were evaluated, the slope of L5178Y was the steepest, those of CHO-K1 and HMV-II were gentler and the slopes were different among the cell lines.
To date, the remaining DNA damage detected after 4 hr or more is considered to be related to the cellular radiosensitivity. In order to investigate the rejoining of DNA breaks, the changes in the tail moment in three cell lines at 0, 4, and 24 hr after exposure to 32 Gy under the neutral condition are shown in Fig. 3 . Although the tail moment of all the cells had decreased with the passage of time, the tail moment of L5178Y was higher than that of the control level at 24 hr after the exposure. The tail moment of CHO-K1 and HMV-II had declined to the control values at 24 hr after the exposure. Figure 4 shows the dose-response curves of the residual DNA damage (for 4 hr after irradiation) for the three cell lines in the alkaline and neutral conditions for the comet assay. The dose-response curves for the residual damage were fitted by linear regression under both electrophoresis conditions. The slopes for the residual DNA damage under the alkaline condition were not different among the three cell lines, but the slopes for the residual DNA damage under the neutral condition were different among the three cell lines. The slope of L5178Y was the steepest and the slopes of CHO-K1 and HMV-II were gentler under the neutral condition. Table 2 shows the slopes of the initial and residual DNA damage. The tail moments per Gy of the initial DNA damage and the residual DNA damage were higher in L5178Y than in CHO-K1 and HMV-II.
Although we can not clearly reach a conclusion from the use of only three cell lines in our study, it is suggested that there is an inverse relationship between SF2 and the initial tail moment values per Gy under the alkaline condition, and between SF2 and the residual tail moment values per Gy under the neutral condition.
DISCUSSION
In general, it is considered that radiation-induced cell death is due to DNA damage that are single strand breaks (ssbs), dsbs, base damage, and DNA protein crosslinks etc. [29] , and dsbs, especially, are considered to be of great biological consequence [22] . We detected radiation-induced ssbs and dsbs using the simple and rapid comet assay.
In this study, we observed an inverse relationship between the clonogenic radiosensitivity and the radiationinduced initial ssbs detected with the comet assay under the alkaline condition. Recently, several authors have reported that there is a good correlation between the initial DNA damage and cellular radiosensitivity [1, 19] , while others insist that there is no relationship between the initial DNA damage and cellular radiosensitivity [9, 25] .
The differences in the initial DNA damage among cell lines can be seen under mild lysis using a non-ionic detergent [38] , although it disappears under aggressive lytic conditions using an ionic detergent and proteinase K [16] . Under a mild lytic condition, the higher-order nuclear Fig. 1 . Survival of the three cell lines (CHO-K1, HMV-II and L5178Y) after γ ray irradiation. The survival fraction was measured as the number of colonies formed after γ ray irradiation. Each data point is the mean ± the standard error (SE) of three independent examinations. Data was fitted using a linear quadratic model. matrix organization was retained [37] . Therefore, variation in the chromatin structure among the three cell lines has been advocated as a cause of the difference in the initial DNA damage production. By using the non-denaturing elution technique, several authors showed correlation between the radiosensitivity and the amount of the initial DNA damage [21, 29] . By using a modified version of PFGE in which the higher DNA architecture remains intact, radiosensitive cells showed a steeper dose-response curve in the initial damage than radioresistant cells [38] . The halo assay has been developed for the visualization of DNA loops undergoing supercoiling changes [38, 39] . By using the halo assay, the initial DNA loop changes induced by radiation were shown to be correlated with the radiosensitivity by the clonogenic assay [39] . Recently a halo-comet assay that combines features of the fluorescent halo assay and the comet assay have been developed [39] . In this analysis method, the radiation-induced DNA damage in the radiosensitive cells was more than in the radioresistant cells. The distinctive feature of the radiosensitive ataxia telangiectasia cells is certainly a defective chromatin structure [26] . The binding sites of DNA to the nuclear matrix of the radiosensitive mutant xrs-5 cells are known to be fewer than in CHO-K1 cells of the parent strain [41] . Analysis of the chromatin compaction by transmission electron microscope indicated that the cells with the highest level of condensed chromatin in interphase showed the highest radiosensitivity [8] . Therefore, differences in the induction of DNA damage are related to both differences in the chromatin structure and differences in the cellular radiosensitivity. In the comet assay, the size of the comet tail depends not only on the number of DNA damage but also on differences in the chromatin structure under both the neutral and alkaline conditions [6, 10, 12] . It is therefore considered that we could detect the differences in the initial DNA damage that were related to cellular radiosensitivity among the three cell lines.
The processes of DNA breaks rejoining contain a fast component and a slow component [18] . While the induced ssbs were rejoined with a half-life of several minutes in many cell lines, the dsbs were rejoined with a half-life of 10-20 min for the fast component and 1-2 hr for the slow component after irradiation [20] . It is suggested that the remaining damage measured after 4 hr or more is an excellent index of the restoration ability of DNA damage [14] . It has been shown that the rejoining of radiation-induced dsbs was saturated within 2-4 hr in mammalian cell lines [3, 42] and that the number of residual dsbs did not change between 4 hr and 20 hr using the neutral filter elution [15] . The premature chromosome condensation (PCC) technique measures the chromatid breaks caused by the dsbs [2, 5] . The number of PCC fragments induced by radiation plateaued at 4-6 hr after irradiation, and did not change for about 10 hr [5] . For these reasons the non-repairable dsbs or unrejoined excess fragments were examined after incubation for 4-20 immediately after γ-irradiation using the alkaline and neutral comet assay. DNA damage was assessed using the alkaline and neutral comet assay and expressed as the mean tail moment. Each data point represents the mean ± SE of about 50 cells/slide of three independent examinations. hr after irradiation [9] . At present, the most important parameter that is related to clonogenic radiosensitivity is the residual dsbs for 4 hr or more after irradiation [14] . However, by using PFGE, the dsbs induced by radiation were shown to rejoin slightly for 4-24 hr after irradiation [2] . In our experimental results, the tail moment under the neutral condition decreased slightly for 4-24 hr after irradiation in all the cells and declined to the control values in CHO-K1 and HMV-II at 24 hr after 32 Gy irradiation. The dsbs detected in the slow component of DNA repair are associated with dsbs produced by multiple radical attack, and represent dsbs rejoined by the induced products of specific genes involved in the repair of the more complex types of DNA lesion [23] . Even if the dsbs of the complex types are rejoined, it is considered that the misrejoining of dsbs happens in the slow component of DNA repair. The misrejoining of dsbs causes cell death.
There have been studies that have shown correlation between cell death and the extent of dsbs rejoining when the dsbs were assessed by PFGE in fibroblast strains at 4 hr after irradiation [40, 43] . In our results, residual DNA damage after 24 hr was not detected for CHO-K1 and HMV-II, and we observed an inverse relationship between the clonogenic radiosensitivity and the residual DNA damage at 4 hr after irradiation in the neutral condition for the comet assay. The comet assay is a superior alternative to PFGE since it is a rapid assay and requires a low cell number [32] . Thus, it is concluded that it was capable of evaluating cellular radiosensitivity by investigating the residual dsbs per Gy at 4 hr after irradiation.
Although differences in the residual breaks among the three cell lines at 4 hr after irradiation were observed under the neutral condition for the comet assay, this was not observed under the alkaline condition. The comet assay under the alkaline condition detects ssbs, dsbs and alkalilabile damage [35] . The ssbs at 4 hr after irradiation are almost rejoined. It was considered that the DNA damage detected by the alkaline condition at 4 hr after irradiation could be ascribed to the residual dsbs. In general 1 Gy produces 1,000 ssbs and dsbs are less than 5% of the total DNA damage immediately after irradiation [24] . Therefore the comet assay under the neutral condition is more sensitive for the detection of about 50 dsbs per Gy. It was considered that subtle differences in the residual dsbs among the cell lines have clearly not been observed under the alkaline condition of low sensitivity for the detection of DNA damage.
In this study, we found differences in the initial DNA damage among the cell lines by using the comet assay under Fig. 4 . The residual DNA damage in the three cell lines for 4 hr after γ-irradiation using the alkaline and neutral comet assay. DNA damage was assessed using the alkaline and neutral comet assay and expressed as the mean tail moment. Each data point represents the mean ± SE of about 50 cells/slide of three independent examinations. the alkaline condition and found differences in the residual DNA damage under the neutral condition. It has been understood that these differences in DNA damage among the cell lines and the differences in cellular clonogenic radiosensitivity have the tendency to be correlated. Therefore, it is suggested that the amount of DNA damage induced by radiation can evaluate the cellular clonogenic radiosensitivity by using the comet assay. Since the comet assay is simpler and more rapid than other assays that detect radiationinduced DNA damage, it is considered that this assay is useful for the prediction of cellular radiosensitivity.
